Abstract Electron cyclotron heating on HL-2A has been simulated by TORAY-GA with a second harmonic extraordinary wave and a fundamental ordinary wave. The results show that the wave absorption of the second harmonic extraordinary wave is better than that of the fundamental ordinary wave. In order to understand the interaction mechanism between electrons and the two different polarization modes, the energy exchange between electrons and the two modes are theoretically analyzed, and it is found that the coupling intensity described by the Bessel function and different polarizations of the two modes are the main reasons leading to the above phenomenon. The theoretical results of this study fit well with the simulated and numerical results.
Introduction
Electron cyclotron (EC) waves are widely used in auxiliary heating and current drive for their high coupling efficiency in fusion plasmas, their ability to propagate in a vacuum and their quasi-optical propagation as a Gaussian beam. Because electron cyclotron resonance heating (ECRH) can be highly localized and robustly controlled, it could be applied to global heating, support and maintenance of desired current profiles and stabilization of magnetohydrodynamic (MHD) instabilities [1, 2] in tokamaks. A large body of work has been done to discuss the trajectory and deposition of ordinary modes and extraordinary modes on tokamaks based on the dispersion relationship in Maxwellian plasma [3∼5] carried out in the 1980s. With the development of a high-frequency gyrotron, in recent years a second harmonic extraordinary wave (X2-mode, "X" is short for extraordinary and "2" is short for second harmonic) has been applied to the ECRH and electron cyclotron current drive on such tokamaks as ASDEX Upgrade [6] , DIII-D [7] and TCV [8] etc., as it has a better accessibility than the fundamental ordinary wave (O1-mode, "O" is short for ordinary and "1" is short for first harmonic). The physics model of ECRH is well validated in previous experiments and theoretical works. FIDONE and MAZZUCATO [9] have derived the weakly relativistic dispersion relationship of hot plasmas and investigated many aspects of the propagation and absorption of the first harmonic ordinary and first harmonic extraordinary mode in plasmas. HUI and CHU [10] have studied both the second harmonic ordinary mode and the extraordinary mode. Their study shows that the second harmonic extraordinary mode is always efficiently absorbed for the range of angles considered. From the simulation results carried out by TORAY-GA [4, 11, 12] , we found that the wave absorption of the X2-mode is stronger than that of the O1-mode in a wide range of parameters. The mechanism of the wave-particle interaction can be understood from the simplest level [13, 14] . Based on this simplest model, we have developed a model of energy change in electrons in Maxwellian plasmas. The mechanism of wave damping caused by the X2-mode being stronger than the O1-mode is discussed in detail and is well explained by the coupling intensity described by the Bessel function and different polarizations of the two modes based on the study of the energy change of electrons. This paper is organized as follows: section 2 gives the trajectory and power deposition rate of the O1-mode and X2-mode in HL-2A calculated by TORAY-GA. In section 3, the factors influencing the interaction between electrons and different modes are discussed based on a simple model, and the mechanism by which the wave damping of X2-mode is stronger than that of O1-mode is also given in this Section. Conclusions are finally drawn in section 4.
2 Trajectory and deposition of the O1-mode and X2-mode for HL-2A parameters
The current ECRH system of HL-2A is a gyrotron with 68 GHz frequency. It is located at the mid-plane of the low magnetic field. The MHD equilibrium in-formation of HL-2A used in this article is from an experimental discharge calculated by the EFIT code. It is assumed that the effective charge Z eff is uniform in the plasma. The distributions of electron density n e and electron temperature T e are assumed to be cylindrical and yield to the distribution equations n e = n[1 − 0.9(r/a) 2 ] and T e = T [1 − 0.9(r/a) 2 ], respectively, where r is the poloidal radius, T and n are the electron temperature and electron density at the center. The related parameters are listed in Table 1 , where R is the major radius, a is the minor radius, B is the magnetic field at the magnetic axis, T is the electron temperature at the center, Z eff is effective charge and θ is the toroidal injection angle. The trajectory and deposition points of EC waves with different poloidal injection angles in HL-2A are simulated by TORAY-GA, as shown in Figs. 1 and 2 . For the O1-mode with a frequency of f = 68 GHz the cut-off density is 5.73 × 10 13 cm −3 . Therefore it could propagate through the center where the density is lower than the cut-off density as shown in Fig. 1(a) . In Fig. 2 (a) we see that since the density at resonance is higher than the cut-off density the wave is refracted at the cutoff density where ω p = ω before it gets to the resonance points. Contrarily, the X2-mode can propagate through this cutoff density of the X1-mode and deposit at the center as shown in Fig. 2 Power deposition rate and normalized power along the trajectory with a 90
• poloidal injection angle is shown in Fig. 3 . Points O, X 1 and X 2 in Fig. 3(a) have the peak deposition rates. The electron density at points O and X 1 is 3 × 10 13 cm −3 and 6 × 10 13 cm
is at point X 2 . The parallel reflection index N at these three points all approximate to −0.27. From Fig. 3 (a) we see that the deposition rate of X 1 for the X2-mode is higher than that of O for the O1-mode, under the same electron density (3 × 10 13 cm −3 ). For the X2-mode, the deposition rate of X 2 (n e = 6 × 10 13 cm −3 ) is higher than that of X 1 (n e = 3 × 10 13 cm −3 ). This implies that the wave absorption of the X2-mode is better than that of the O1-mode under the same conditions and the absorption of the X2-mode increases as the electron density increases. Fig. 3(b) shows that the deposition length for the O1-mode is L O = 10 cm and it is L X1 = 6.35 cm for the X2-mode with the same electron density 3×10 13 cm −3 . An electron density of 6 × 10 13 cm −3 gives a deposition length of L X2 = 4.75 cm. This suggests that the depo-sition region for the X2-mode is smaller than that for the O1-mode with the same electron density. This region decreases as the electron density increases. All the simulation results point out that the X2-mode is highly localized and can be better absorbed than the O1-mode in tokamaks. This will be discussed in section 3.
(a) Power deposition rate (1/P incident )(dP/ds) (cm −1 ), (b) Power in the ray normalized to incident power To demonstrate the wave damping features of the two modes, let us consider the energy change of electrons caused by the electric field. Upon consideration of the weak relativistic effects the equation of motion for an electron with nonzero energy in a magnetic field B in the z direction is as follows;
where m 0 is the electron rest mass, γ is the relativistic factor, E is the wave electric field and B is the static background magnetic field. We assume the wave field to be small enough that particle orbits are unperturbed. The effect of the magnetic field upon electrons is neglected because its Lorentz force is normal to the velocity and it cannot change the energy of the electron. The wave number is
we get
time-averaged absorption occurs most strongly when the term lΩ e /γ + k υ − ω approaches zero, where l is the harmonic number. The change in energy is δW = (γm 0 v · dv/dt)τ . Therefore the energy change of an electron perpendicular and parallel to the background magnetic field can be obtained via the lowest order of the Bessel function:
τ is the interaction time, E is the parallel component, E − is the right hand component, v ⊥ is the electron velocity perpendicular to the magnetic field, v is the parallel electron velocity and ρ e is the Larmor radius.
From the cold plasma dispersion relationship we know that the electric field of the X2-mode (E X ) contains a right hand component E − , a left hand component E + and a parallel component E . The interaction between electrons and E of the X2-mode can be neglected compared to E − because its magnitude is small and its order of Bessel function is one order higher than E + . The electric field of the O1-mode (E O ) contains E and E + . For both modes, the wave damping caused by E + can be neglected because its order of Bessel function is l+1, which is high enough to be neglected. To interpret the interactions between electrons, the X2-mode and the O1-mode, the electron density n e = ω p 2 mε 0 /e 2 of both modes is assumed to be the same. The argument of Bessel function can be written as k ⊥ ρ e = N ⊥ lυ ⊥ /c. Eqs. (2) and (3) describe the energy change of a single electron. In view of the energy change of the ensemble of resonance electrons with Maxwellian distribution f (v) in tokamak plasma, Eqs. (2) and (3) can be rewritten as:
where N X⊥ and N O⊥ are the perpendicular index of the fraction of the X2-mode and the O1-mode, respectively. The velocity v = v + v ⊥ satisfies the relativistic resonance equation ω − lΩ e /γ − k υ = 0. Here, Ω e is the electron cyclotron frequency. E − and E can be attained from power fractions f X (E − ) and f O (E ). They are the power of right hand polarization in the X2-mode and the power of parallel polarization in the O1-mode normalized to incident power, respectively. This can be expressed as f
. E X and E O are the electric magnitude of incident X2-mode and O1-mode, respectively. The power fraction can be deduced from the cold plasma dispersion relationship because the influence of temperature on the real part of a wave number k can be neglected when T e < 30 keV,
, where
. According to section 2, the incident powers of both modes are the same, therefore the electric magnitudes E X and E O are also the same. Moreover, the interaction time τ is assumed to be the electron cyclotron period, proportional to the magnetic field. The interaction time of both modes is the same due to the same magnetic field. The relationship between the energy change and normalized electron density with different N from Eqs. (4) and (5) are shown in Fig. 4 . From Fig. 4 we can see that the X2-mode has a greater absorption than that of the O1-mode during the interaction. To confirm our results, the general form of the dispersion relationship in hot plasma is derived when electron temperature T e < 50 keV. The dispersion relationship Eq. (6) is given by MAZZUCATO, et al [4] . (6) is shown in Fig. 5 . Comparing Fig. 4 to Fig. 5 , we can see that the behavior of electron energy change and the electromagnetic wave damping denoted by N i ⊥ are very similar. The damping difference between the two modes can be explained by Eqs. (4) and (5). From Eqs. (4) and (5), we note that the energy change shown in Fig. 4 is influenced by four factors. The first factor is the distribution function f (v); the second one is the coupling intensity described by the Bessel function J l (N ⊥ lv ⊥ /c); the third one is the power fraction f X (E − ) and f O (E ) and the last factor is the velocity space v ⊥ and v . Energy change depends largely upon N because all these factors are functions of N .
Firstly, the Maxwellian distribution f (v) for both modes are the same sharing the same velocity space v. Therefore the number of resonance electrons n e f (v) involved in the interactions is the same and can be neglected in comparison. Here, v is deduced from the resonance equation 1 −
which is a function of N . By selecting appropriate values of N , we can get a large number of resonance electrons which will increase the total energy change, as shown in Fig. 4(a) and Fig. 5(a) . The wave damping and energy change is high with N = 0.1 when T e = 1.19 keV. To rule out the difference between energy changes caused by the number of resonance electrons and those we plan to observe, parameters are set as Ω e /ω = 1, l = 1 for the O1-mode and Ω e /ω = 0.5 , l = 2 for the X2-mode to get the same resonance equation. Secondly, the Bessel function, J 1 (2N ⊥ v ⊥ /c) of the X2-mode is more than J 1 (N ⊥ v ⊥ /c) of the O1-mode and they have a relationship (5) and (6) while other factors are neglected, we have δWX δWO > 1, which implies that the electron energy change caused by the X2-mode is stronger than that caused by the O1-mode. Furthermore, the change of power fractions can also explain why the wave damping caused by the O1-mode decreases rapidly and becomes much less than that of the X2-mode as N increases, as shown in Fig. 4(b) and Fig. 5(b) . This is because f O (E ) decreases and f X (E − ) increases as N increases. Finally, if the difference between v and v ⊥ is taken into account, the difference is small and would not change the damping superiority of the X2-mode. From the analysis above, we know that, under the same electron density and magnetic field, the wave damping of the X2-mode and O1-mode is largely influenced by N , and the wave damping of the X2-mode is stronger than that of the O1-mode in a wide range of N . This is because the effects of coupling intensity are described by the Bessel function and power fraction of the right hand polarization of the X2-mode and parallel polarization of the O1-mode. The Bessel function indicates that the coupling intensity between electrons and the X2-mode is much stronger than that between electrons and the O1-mode, while the power fraction of right hand polarization of the X2-mode is not always higher than that of parallel polarization of the O1-mode. When both the coupling intensity and power fraction are taken into account, the overall interaction intensity of the X2-mode is stronger than that of the O1-mode. Additionally, the O1-mode decreases more rapidly than the X2-mode as N increases, because the power fraction of the parallel component in the O1-mode decreases while that of the right hand component in the X2-mode increases.
Conclusions
We have shown from TORAY-GA simulations that the wave absorption of the X2-mode is more prominent than that of the O1-mode in HL-2A and has a smaller deposition region compared with the O1-mode under the same parameters. Secondly, because the effects of coupling intensity are described by the Bessel function and power fraction of right hand polarization of the X2-mode and parallel polarization of the O1-mode, the wave damping of the X2-mode is stronger than that of the O1-mode. However, the O1-mode decreases more rapidly, as opposed to the case of the X2-mode, with increasing N , since the parallel component of the O1-mode decreases while the right hand component of the X2-mode increases. We have also found that as to the velocity space as a function of N , there is a certain range of N for a certain temperature, in which the number of resonance electrons is optimum. Therefore, the wave damping of both the O1-mode and X2-mode are influenced by electron temperature, and the wave damping of both modes becomes strong when they propagate close to a perpendicular angle with respect to the magnetic field.
